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Abstract
The present numerical study aims to reveal two forcing mechanisms in ﬂuid-structure interactions, and their inﬂuence on energy
transfer from ﬂuid to the structure. The governing equations are solved in the non-inertial frame, by the immersed boundary method
and ﬁnite volume method on non-staggered non-uniform Cartesian grid. The sign of energy transfer depends on the dominating
forcing mechanism. Wake behind the forced transverse oscillation of a sphere exhibits symmetric vortex shedding, organized chain
like structures and synchronization.
c© 2016 The Authors. Published by Elsevier Ltd.
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1. Introduction
Nature is a highly complex system, which involves interactions among all the known forms of matter. One such
commonly observed interaction is between a structure and a ﬂuid (say ﬂow of air around a mountain). A structure
(ﬂexible or rigid, streamlined or bluﬀ) interacting with a ﬂuid oﬀers a rich combination of solid and ﬂuid mechanics.
At higher Reynolds number (Re), ﬂow around a bluﬀ structure separates resulting in vortex shedding. Vortex-induced
vibration (VIV) is a phenomenon in which the shed vortices impart motion to the structure. VIV must be taken in
design considerations to avoid failure of structures due to the ﬂow.
In general motion of structures is possible in any of the six degrees of freedom. Govardhan and Williamson [1]
observed that in a steady ﬂow motion of a sphere along the transverse direction is more vigorous. VIV studies require
many parameters to model the physics involved [2]. Morse and Williamson [3] have conﬁrmed that the much easier
forced or controlled oscillation studies predict the dynamics of a circular cylinder and its wake very well. The present
study reveals, two forcing mechanisms, their measures and inﬂuence on the energy transfer for a forced transverse
oscillation of a sphere in uniform, unconﬁned incompressible ﬂow.
2. Probelm set-up
A sphere of diameter D placed in a stream-wise (x) uniform ﬂow (U) transversely (y) oscillates with a forcing
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Fig. 1. Schematic diagram for the forced transverse oscillation of a sphere.
frequency fe = fR fo, where fR, fo are frequency ratio and the natural shedding frequency of the stationary sphere,
respectively. The geometrical features along with the boundary conditions are shown in Fig. (1) in detail.
2.1. Normalized governing equations
Considering incompressible and constant property ﬂow, the normalized (using U and D as velocity and length
scales) conservation equations in the non-inertial frame of reference [4] are
∂u∗i
∂x∗i
= 0 (1)
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∗
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where u∗i represents three components of velocity along the cartesian axes (i = x
∗, y∗, z∗), p∗ is the pressure, Re(UD/ν)
is the Reynolds number and a∗s = −4(πS te)2A∗ sin(2πS tet∗) is the non-dimensional transverse (δiy∗ ) acceleration of the
sphere. Sphere’s motion is prescribed with amplitudes A∗ = 0.125 and 0.5 at frequency ratio ( fR = fe/ fo = 1.3),
where fo is the natural vortex shedding frequency of the stationary sphere. The normalized forcing Strouhal numbers
S te = feD/U = fRS to is computed with S to = 0.137 at Re = 300.
2.2. Numerical details
A non-staggered ﬁnite volume [5] based ghost cell immersed boundary method [6] is used to solve the momentum
equations with special attention paid to the velocity-pressure coupling. Non-uniform Cartesian grid 217 × 181 × 181
with a grid spacing of 0.02D near the sphere is used for the calculations. Computations are performed on nine
processors (Intel Xeon E5620) of a cluster with time increment Δt∗ = 0.004.
3. Energy transfer and transverse force decomposition
Energy transfer (E) in ﬂuid-structure interaction systems is deﬁned as work done by the ﬂuid force (Fx, Fy, Fz) to
displace (x, y, z) the structure over an oscillation cycle (T ) i.e., E =
∫ T
0 (Fxx˙+Fyy˙+Fzz˙)dt. Normalized energy transfer
is called the coeﬃcient of energy given by
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E
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If sinusoidal functions are used to approximate the motion y = Ao sin(ωt) and transverse ﬂuid force Fy = Fo sin(ωt+φ)
in the synchronization regime (structure and wake oscillating with same frequency), where φ is the phase diﬀerence
between y and Fy then upon simpliﬁcation E = πAoFo sin φ, and thereby
CE = π
(Ao
D
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2πD
2
4
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(Ao
D
)
CLo sin φ (4)
where CLo is the amplitude of the lift signal. If the numerical and analytical expressions of CE from Eqs. (3) and Eq.
(4), respectively are equated a quick estimate to φ can be made.
VIV or free vibration is deﬁned at CE > 0 requiring 0◦ < φ < 180◦ according to Eq. (4). Carberry et al. [7],
Leontini et al. [8], Baranyi and Daroczy [9] reported CE ≤ 0 in addition to CE > 0 for the forced oscillation of a
circular cylinder. We reveal two forcing mechanisms to explain the change in sign of CE . The ﬂuid force tries to
displace the sphere by a force FF . The external forcing mechanism applies a force FE on the ﬂuid through the sphere
to maintain its oscillation, and as a reaction ﬂuid applies a force −FE on the sphere. It is easy to see that the sign of
CE is determined by the dominant mechanism of force exerted by the ﬂuid.
A decomposition of the transverse force (CL) into a potential (Cpotential) and a vortex (Cvortex) force is in practice
[1, 3, 10, 11] based on the concept of added mass. It is helpful to recognize the mechanisms of the forces Cvortex =
CL −Cpotential and Cpotential = (8/3)(πS te)2A∗ sin(2πS tet∗) as FF and FE , respectively.
4. Results and discussion
Dynamics of the sphere motion ys∗ = A∗ sin(2πS tet∗) is revealed by the time evolution of coeﬃcients of drag (CD),
lift (CL = Ctotal) and hove (CH) along the stream-wise (x∗), transverse (y∗) and vertical (z∗) directions, respectively.
4.1. Fluid forces and motion of the sphere
Phase portraits shown in Fig. (2) reveal relation between the maximum, mean, frequency and phase values of its
abscissa and ordinate. One-lobe closed orbits indicate same oscillation frequencies, while two-lobes in the CD − CL
diagram imply frequency for CD twice that of CL; and symmetric vortex shedding. Width of the pattern in Fig. (2Id)
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Fig. 2. Phase portraits I: A∗ = 0.125 and II: A∗ = 0.5.
is larger than its height implying that the ﬂuid force (Cvortex) dominates the external forcing agency (Cpotential), while a
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reverse order at a higher A∗ = 0.5 is evident in Fig. (2IId). As A∗ increases non-linearity of the interactions enhances;
therefore, phase portraits at higher A∗ appear to be composed of harmonics of the dominant frequency. Table 1
compares the global ﬂow parameters, where <> and ′ over the force coeﬃcients denote average and root-mean-square
(rms) values, respectively. CE is positive at A∗ = 0.125, while negative at A∗ = 0.5; moreover, φ also follows the same
Table 1. Comparison of computed global ﬂow parameters for the two cases.
A∗ < CD > C′D C
′
L C
′
vortex C
′
potential S t CE φ
0.125 0.734 0.023 0.167 0.094 0.073 0.178 0.012 7.844
0.5 0.977 0.134 0.379 0.118 0.295 0.178 -0.201 -13.069
signs according to Eq. 4. C′vortex greater than C′potential for A
∗ = 0.125, while a reverse trend at A∗ = 0.5 causes this
change in sign. Near wake oscillations grow with A∗ causing wider low pressure region downstream of the sphere
revealed by increased < CD >, C′D and C
′
L.
4.2. Time signals and the wake structures
A planar symmetry in the ﬂow, about the horizontal xy-plane at z = 0 is revealed by zeroCH signals in Figs. (3) and
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Fig. 3. Signals and wake structures corresponding to eight instants marked by dots at A∗ = 0.125.
(4). Wake structures [12] are taken at eight instances marked as dots in an oscillation cycle of the sphere. The same
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wake structures in frames (i) and (viii) demonstrate that oscillation periods of the sphere and its wake are same. The
wake is a chain of loops traversing in the ±y direction. As the A∗ increases the wake sweeps a larger area; therefore,
the loops in Fig. (4) are more curved than in Fig. (3).
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Fig. 4. Signals and wake structures corresponding to eight instants marked by dots at A∗ = 0.5.
Signals of Ctotal, Cvortex and Cpotential complete one cycle from 1st to the 8th dot, but CD completes two cycle. One
cycle demonstrates a synchronization state, while two cycles conﬁrm frequency of CD twice the CL. Signals for Ctotal
and Cvortex at A∗ = 0.125 are more sinusoidal than at A∗ = 0.5, which signiﬁes that with increase of A∗ interaction’s
non-linearity increases.
5. Conclusions
This study revealed two forcing mechanisms for uniform, unconﬁned, incompressible ﬂow over a forced transverse
oscillation of a sphere. These mechanisms help to understand the change in sign of coeﬃcient of energy (CE) and
decomposition of transverse force. Sign of CE changed (from positive to negative) on changing the sphere’s nor-
malized amplitude (A∗) from 0.125 to 0.5, at constant frequency ratio ( fR = 1.3) and Reynolds number (Re = 300).
This change in sign imply that ﬂuid force (Cvortex) dominates external forcing (Cpotential) at lower A∗ = 0.125, while a
reverse trend was observed at a higher A∗ = 0.5.
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